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Formation of Two-Dimensional Complexes of F-Actin and Crosslinking
Proteins on Lipid Monolayers: Demonstration of Unipolar
a-Actinin-F-Actin Crosslinking
Kenneth A. Taylor and Dianne W. Taylor
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ABSTRACT A method is described for forming two-dimensional (2-D) paracrystalline complexes of F-actin and bundling/
gelation proteins on positively charged lipid monolayers. These arrays facilitate detailed structural studies of protein interactions
with F-actin by eliminating superposition effects present in 3-D bundles. Bundles of F-actin have been produced using the
glycolytic enzymes aldolase and glyceraldehyde-3-phosphate dehydrogenase, the cytoskeletal protein erythrocyte adducin as
well as smooth muscle a-actinin from chicken gizzard. All of the 2-D bundles formed contain F-actin with a 13/6 helical structure.
F-actin-aldolase bundles have an interfilament spacing of 12.6 nm and a superlattice arrangement of actin filaments that can
be explained by expression of a local twofold axis in the neighborhood of the aldolase. Well ordered F-actin-a-actinin 2-D bundles
have an interfilament spacing of 36 nm and contain crosslinks 33 nm in length angled -25-350 to the filament axis. Images
and optical diffraction patterns of these bundles suggest that they consist of parallel, unipolar arrays of actin filaments. This
observation is consistent with an actin crosslinking function at adhesion plaques where actin filaments are bound to the cell
membrane with uniform polarity.
INTRODUCTION
Actin filaments form a large number of cytoskeletal struc-
tures under the influence of various crosslinking proteins.
Actin bundles are closely crosslinked parallel arrays of actin
filaments. In vivo actin bundles are found in microvilli,
stereocilia, and the acrosomal process among other places.
Actin gels are much looser aggregations of randomly ori-
ented filaments that occur as a supporting structure under the
plasma membrane. Actin bundles and gels are formed by
separate classes of proteins (Pollard and Cooper, 1986), but
some proteins are capable of forming both gels and bundles
depending on conditions thereby demonstrating that the dis-
tinction between gelation protein and bundling protein is not
clearly defined.
Many actin binding proteins exhibit bundling activity. Ac-
tin bundles in microvilli contain fimbrin (Bretscher and
Weber, 1980a) and villin (Bretscher and Weber, 1980b), both
of which are actin bundlers but of unrelated structure (de
Arruda et al., 1990). Other proteins exhibit bundling activity
but are not known to form bundle-like structures in vivo. For
example, adducin, which mediates the actin-spectrin inter-
action in the erythrocyte membrane skeleton, can form tight
actin bundles in solution (Misch et al., 1987; Gardner and
Bennett, 1987). Various glycolytic enzymes can also form
actin bundles in vitro (Morton et al., 1977; Clarke and
Morton, 1976; Stewart et al., 1980), but are not known to do
so in vivo.
Received for publication 13 May 1994 and in final forn 5 August 1994.
Address reprint requests to Kenneth A. Taylor, Department of Cell Biology,
Duke University Medical Center, Box 3011 Durham, NC 27710-3011. Tel.:
919-684-8961; Fax: 919-684-3687; E-mail: ken-taylor@cellbio.duke.edu.
© 1994 by the Biophysical Society
0006-3495/94/11/1976/08 $2.00
Actin gelation proteins generally are elongated molecules
capable of crosslinking actin filaments over long distances.
Proteins with F-actin gelation properties include a-actinin
(Holmes et al., 1971; Goll et al., 1972), filamin (Wang et al.,
1975), spectrin (Bennett, 1985), and ABP-120 (Condeelis
et al., 1984). These proteins are all characterized by extended
dimeric structures composed of homologous actin binding
domains that are separated by pseudorepeats of either
a-helical or (3-sheet domains (Matsudaira, 1991).
In nearly all instances, F-actin bundles and gels formed in
solution are 3-D in character, which makes them difficult
objects to analyze by electron microscopy. In addition, some
bipolar 3-D bundles constructed from a hexagonal filament
arrangement have an intrinsic filament disorder (Francis and
DeRosier, 1990). Structural study of these bundles and gels
would be greatly facilitated by a method that produced ex-
clusively 2-D bundles. We have previously reported a
method to produce large, single-layer paracrystalline arrays
of F-actin (Taylor and Taylor, 1992) and have now extended
this procedure to incorporate actin bundling proteins into the
F-actin array. This method prevents growth of the bundle in
the 3rd dimension, thereby facilitating more detailed struc-
tural studies on actin-protein interactions than has been pos-
sible to this point.
Our preliminary experiments reported here with a-actinin-
F-actin bundles show that the chicken gizzard isoform can
form bundles of parallel unipolar actin filaments. This is an
orientation that could have been predicted based on cellular
localization, but which has not previously been demonstrated
in vitro. The methodology described here will facilitate de-
tailed structural study of a-actinin-F-actin bundles formed
from different muscle and non-muscle isoforms. We believe
that the approaches outlined here can be adapted to produce
2-D macromolecular complexes from other systems for
structural examination.
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MATERIALS AND METHODS
Protein and lipid preparation
Actin was prepared from rabbit muscle acetone powder as described by
Pardee and Spudich (1982) with the modification that the chromatography
step was done on a Superose-12 column. G-actin was prepared from F-actin
by overnight dialysis at 2°C against buffer A, which consisted of 2 mM
Tris-Cl, 0.2mM Na2 ATP, 0.02% ,B-mercaptoethanol, 0.2mM CaCl2, 0.01%
NaN3, pH 8.0 (at 25°C). The G-actin preparation was clarified immediately
before use. Glycolytic enzymes from rabbit muscle were purchased as crys-
talline suspensions from Sigma Chemical Co. (St. Louis, MO). a-Actinin
was prepared according to Feramisco and Burridge (1980). Adducin was
prepared according to Gardner and Bennett (1986).
Crystalline suspensions of glycolytic enzymes were dialyzed overnight
into a phosphate-free actin binding buffer consisting of 10mM KCl, 10mM
imidazole, 1 mM EGTA, 2 mM MgCl2, 0.02% ,3-mercaptoethanol, 0.05%
NaN3, pH 6.0-6.8. They were then diluted into the dialysis buffer to a final
protein concentration of 280 ,ug/ml for glyceraldehyde-3-phosphate dehy-
drogenase (GPDH) and 300-600 jig/ml for aldolase. Adducin at a concen-
tration of -250 ,ug/ml was diluted to a final concentration of 18 ,ug/ml in
the phosphate-free binding buffer.
Lipid layers were prepared on Teflon blocks into which an array of 5 mm
diameter X 1 mm deep wells (30 ,ul volume) had been milled. All lipid layers
were prepared by layering 0.5 ,g of lipid-surfactant mixture in chloroform
on the surface of the crystallizing solution. Lipid layers were prepared from
dilauryl phosphatidylcholine (DLPC) (Avanti (Alabaster, AL) or Calbio-
chem (La Jolla, CA)) and didodecyldimethyl ammonium (DDMA) (Kodak)
mixed in the proportions of 70:30 by weight in chloroform.
Formation of 2-D arrays of F-actin and
F-actin bundles
Paracrystalline arrays of F-actin were produced as described earlier (Taylor
and Taylor, 1992) with 0.25-0.30 ,ug of G-actin being injected using a
Hamilton syringe under the lipid monolayer into a polymerizing buffer. The
polymerization is done at 2°C. F-actin crystallization buffers usually con-
sisted of 20-50 mM KCl, 20 mM P04, 1 mM ATP, 2 mM MgCI2, 0.02%
3-mercaptoethanol, 1mM EGTA, 0.05% NaN3, pH 6-7, both with and without
7.5% glycerol (Serva, analytical grade). These F-actin paracrystals are stable for
2-3 months after formation but can be used after 24 h of incubation at 2°C.
The technique for forming 2-D bundles is derived from well established
methods for decorating actin filaments with myosin subfragment 1 (Moore
et al., 1970). After recovering the actin rafts from the lipid monolayer, the 2-D
bundles are produced simply by washing the grid containing the actin paracrys-
tals with a solution of the bundling proteinin an appropriate actinbinding buffer.
Bundles were formed at 20C by washing the grid with 2-4 drops of the bundling
protein, left for 1 min, followed by another 2-4 drops of the bundling protein.
a-Actinin-F-actin 2-D bundles are produced by polymerization of
G-actin in the presence of a-actinin. These 2-D bundles will form under a
variety of conditions so that the procedure described here is merely a guide-
line. The conditions that worked best involved premixing the a-actinin with
G-actin and then overlaying the mixture with the lipid-surfactant solution
in chloroform. Both a-actinin and G-actin were first diluted to 1 ,ug/,l in
buffer A. These proteins were then mixed in different ratios with actin
polymerization buffer and -30 Al of the mixture placed in the Teflon wells.
The wells could be sampled within a few hours or left to incubate overnight.
Prolonged incubation usually led to the production of a-actinin crystals. The
most dependable combination was 16 ,ug G-actin:30-50 j.g a-actinin/ml buffer.
As with the formation of F-actin arrays, it seems best to do this polymerization
at low temperature to achieve slow filament growth (Kasai, 1969). The binding
of a-actinin to F-actin is also higher at low temperature (Goll et al., 1972).
Electron microscopy
Reticulated carbon grids were prepared as described previously (Fukami and
that method utilizes surfactant to regulate hole size, we have found it best
to remove any trace of surfactant before recovery of the crystals. After
stabilizing the reticulated film by vacuum deposition of a heavy layer of
carbon, the plastic and surfactant are removed using ethylacetate. This treat-
ment involved placement of the grid into a glass petri dish containing a thin
layer of ethyl acetate and a disk of filter paper. Grids were placed on the
filter paper, plastic (grid bar) side down, and left for 20 s. The procedure
was repeated twice, each time with fresh filter paper and ethylacetate and
the grids then air-dried. Film preparations that displayed poor recovery of
lipid films were treated repeatedly until their behavior was satisfactory.
Actin paracrystals could then be recovered with high efficiency by placing
thereticulatedcarbon grid, carbon side down, ontothe lipid monolayerandlifting
it after a 5- to 15-min waiting period. Paracrystals can be recovered using con-
tinuous carbon support films, but the efficiency is much poorer than can be
achieved using reticulated carbon supports and the bundles are more fragmented.
Specimens were stained by washing with 5 drops of an aqueous 2%
uranyl acetate solution. When specimens are recovered using reticulated
carbon grids, the holes were stabilized by carbon evaporation. Specimens
were examined on a Philips EM 301 electron microscope. All micrographs
shown here were taken under high dose conditions. Images were screened
and optical diffraction patterns recorded using a folded optical diffractometer
(Erickson et al., 1978). All dimensions derived from the micrographs are based
on the axial spacing of the 5.9-nm actin layer line used as an internal length
standard. Helical symmetries are based on the ratio of the axial spacings of the
5.9-nm actin layer line and the first non-equatorial layer line.
RESULTS
We have investigated several approaches of forming 2-D
bundles on lipid monolayers, two of which gave the most
reproducible results. One of these methods uses 2-D
paracrystals of F-actin as a starting material, the other utilizes
the polymerization of G-actin in the presence of the bundler.
Between these two methods, we have been able to produce
2-D bundles/gels of all the proteins we have tried to date.
Formation of 2-D bundles starting with
F-actin paracrystals
Tight 2-D bundles made from globular bundling proteins can
be produced starting with 2-D paracrystals of F-actin. Our
method for producing F-actin paracrystals generally results
in formation of unipolar arrays of filaments (Taylor and
Taylor, 1992). This is the preferred orientation of F-actin in
many naturally occurring bundles, such as the microvillus
(Mooseker and Tilney, 1975) and the acrosome (Tilney et al.,
1981). We have formed these bundles using two different
glycolytic enzymes as well as the protein adducin.
The literature on glycolytic enzyme-F-actin bundles con-
tains no example of clearly 2-D bundle formation. Bundles
formed from aldolase and GPDH using the methods de-
scribed here were characterized as extensive 2-D arrays
which are coherent over areas sometimes as large a 1 pLm2
(Fig. 1 A). We have had most of our experience using al-
dolase, so that those bundles are the best ordered examples
shown. Optical diffraction of the aldolase-actin bundle
consists of sharp spots that display a superlattice. The actin
filaments in this bundle have 13/6 helical symmetry. The
interfilament spacing is 12.6 nm. Rabbit muscle aldolase is
a tetramer with dimensions of 9.0 nm X 9.0 nm X 6.5 nm
(Sygusch et al., 1985), so that this spacing would be
Taylor and Taylor 1977
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compatible with the short axis of the tetramer lying within
the plane of the 2-D array.
The formation of a superlattice can be explained by the
internal symmetry of the bundling protein. Both of the gly-
colytic enzymes tested have 222 or near 222 symmetry
(Sygusch et al., 1987; Gamblin et al., 1990; Rossman et al.,
1972). Expression of this symmetry in the immediate envi-
ronment of the bundling protein would result in the two actin
monomers on adjacent filaments bound to the aldolase being
related by a local twofold axis oriented parallel with the fila-
ment axis. This local twofold axis will cause an axial dis-
placement of 2.75 nm, which is approximately the same as
a 1800 azimuthal rotation, between adjacent actin filament.
The effect, however, is to produce slightly different
crosslinking environments for the aldolase across the super-
lattice period of 2-D bundle.
The procedure of washing the actin rafts with the bundling
protein solves any problems that might arise due to incom-
patibility between conditions used for actin polymerization
and conditions that are favorable for actin binding. Actin
rafts are best produced in phosphate buffer. However, both
phosphate and ATP are strong inhibitors of aldolase binding
to F-actin (Arnold and Pette, 1970), and we failed to form
actin-aldolase bundles in the actin polymerization buffer.
The formation of 2-D adducin bundles followed the same
pattern as the glycolytic enzyme bundles (Fig. 1 B). Adducin
is a tetramer consisting of two a-subunits, Mr 81 kDa, and
two (3-subunits, Mr 80 kDa (Joshi et al., 1991). Adducin is
an overall acidic protein with a 39-kDa globular domain and
an extended tail segment of -41 kDa (Joshi and Bennett,
1990; Joshi et al., 1991). The tail segment has regions that
are both highly acidic and highly basic. Although the pres-
ence of a twofold symmetry axis in the tetramer has yet to
be demonstrated, the bundles formed nevertheless displayed
a similar pattern in projection as those formed using the gly-
colytic enzymes. Interestingly, the globular headpiece,
clearly observed between the actin filaments, apparently
lacks actin binding activity on its own (Joshi and Bennett,
1990). The size of the arrays produced here (of which Fig.
1 B is only a part) considerably dwarf those in published
micrographs of adducin-F-actin bundles which reveal an area
of 2-D bundled filaments from a 3-D bundle that is 7 fila-
ments wide and only 320 nm in length (Misch et al., 1987).
There is much less information available on the dimen-
sions of adducin than there is for the glycolytic enzymes, so
that interpretation of these images is difficult. Images of
negatively stained adducin molecules reveal molecules
10-12 nm in diameter (Gardner and Bennett, 1986), dimen-
sions that are assumed to represent those of tetramers. The in-
terfilament spacing in the adducin-F-actin arrays is 14.5 nm,
which is too short to accommodate the globular headpiece be-
tween the filaments. Even the more realistic dimension of 8.9 nm
for adducin tetramers based on mass and hydrated protein vol-
ume (Joshi et al., 1991) is too large to be accommodated between
the filaments suggesting that adducin may be positioned above
the actin filaments. Substantially more work needs to be done to
explain the F-actin-adducin bundles.
The degree of success in forming 2-D bundles under dif-
ferent conditions suggests limits on the affinity that the bun-
dler must have to form the paracrystalline array. The Kd for
the aldolase-actin complex is -8 nM at low ionic strength
in the absence ofphosphate andATP but -200 ,uM in 10mM
phosphate or 1 mM ATP (Arnold and Pette, 1970), which is
so low that incorporation into the actin rafts does not occur.
The highest reported Kd for the adducin-F-actin complex is
28 ,uM (Gardner and Bennett, 1987; but see also Misch et al.,
1987) which suggests a lower limit on the affinity that can
lead to formation of the 2-D bundles.
The use of a solution with a high concentration ofbundling
protein or excessive washing of the F-actin rafts with the
bundling protein can sometimes "lift" the actin raft off of the
lipid monolayer. This happened less often with aldolase and
GPDH and was more of a problem with adducin, which is the
largest of the bundlers tested (Mr 322 kDa). The glycolytic en-
zymes, which are basic proteins (Malamud and Drysdale, 1978),
presumably alter the electrostatic charge of the actin filament (a
strongly acidic protein), which is largely responsible for binding
to the lipid monolayer. The effect in adducin may be due to the
basic carboxyl terminal domain (Joshi et al., 1991).
Formation of 2-D bundles through
G-actin polymerization
The method described above for tight bundle formation
seems to be poorly adapted for use with large gelation pro-
teins such as a-actinin. Presumably these large proteins with
widely separated actin binding domains are unable to work
themselves between the tightly packed actin filaments. In this
case, we have found that polymerization of G-actin in the
presence of the gelation protein can produce a 2-D array. The
method seems to work best when the gelation protein binds
to the lipid monolayer with high affinity, which is the case
with a-actinin. It has not worked with the glycolytic
enzymes, which are basic proteins and do not partition to the
positively charged monolayer.
FIGURE 1 Electron micrographs of 2-D F-actin bundles formed on 30:70 DDMA-DLPC lipid layers. (A) F-actin-aldolase bundle with optical diffraction
pattern shown in the insert. The unit cell is a superlattice which can be seen by the lack of intersection of a line drawn through the clusters of spots on
the equator with a similar line drawn through the corresponding clusters of spots centered on the 5.9-nm layer line. The superlattice is not unique, just as the superlattices
found in the starting actin rafts are not unique. The arrowhead in the upper right hand comer points to an actin filament that ends but where further along the paracrystal,
crosslinking continues between its two neighboring filaments. This supports the conclusion that the actin filaments in the rafts are in the paralel orientation. (B)
F-actin-adducin bundle with associated diffraction pattern shown in the insert. The actin filaments in both the aldolase and adducin bundles show a helical symmetry
of 13/6. The globular head piece of adducin that separates the actin filaments is best seen in the lower part of the figure where the stain layer is heaviest. The arrow
in the upper left hand corner points to a discontinuity in the raft similar to that in A that helps establish the polarity of the bundle.
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Typical a-actinin-F-actin arrays formed by this method
consisted of 4-10 filaments heavily crosslinked by -2
a-actinins per crossover repeat (Fig. 2 A, C, D). These arrays
were rarely as well ordered as the tight bundles but in some
cases were sufficiently well ordered to give rise to sampled op-
tical diffraction patterns (Fig. 2 B). The improvements obtained
by our procedure is evident after comparison with published
examples of gels formed in solution. We surveyed three refer-
ences showing high resolution electron micrographs of
a-actinin-F-actin gels (Podlubnaya et al., 1975; Endo and
Masaki, 1982; Meyer and Aebi, 1990) but found no examples
of ordered 2-D gels as many as 3 actin filaments wide. The
method described here produces arrays that wide by default and
often results in arrays that are considerably wider and longer.
The 2-D bundles reveal several new characteristics of
a-actinin-F-actin bundles. The diffraction pattern (Fig. 2 B)
indicates an interfilament spacing of 36 nm, a crossover spac-
ing of 35.4 nm, and a helical symmetry of 13/6 for the actin
filaments. In regions of straight bundles, the a-actinin
crosslinks are always angled -25-35° relative to the fila-
ment axis. The length of the crosslinker can then be estimated
at 33 nm after accounting for the 9-nm diameter of the actin
filament (Holmes et al., 1990). This length is compatible with
the 34-nm length of a-actinin molecules derived from 2-D
crystals formed on lipid monolayers (Taylor and Taylor,
1993). The length of the crosslinks also indicates that the
a-actinin interaction with F-actin must be occurring at the
very ends of the molecule, since there is very little length to
spare for extensive overlap.
The orientation of the actin filaments in these 2-D bundles
can be ascertained from the images themselves, the majority
of which have crosslinks with a single orientation. This sug-
gests that the actin filaments in the bundles have the same
orientation. Bundles with bipolar actin filaments would re-
veal alternating orientations for the crosslinks. The orienta-
tion of the filaments can more objectively be determined
from the optical diffraction pattern provided that the images
have sufficient resolution to detect actin polarity. Actin po-
larity in isolated filaments can usually be determined un-
ambiguously as long as the 5.9- and 5.1-nm layer lines are
present, which is the case in the bundles. The strong sampling
on both the equatorial and nonequatorial layer lines indicates
a well ordered arrangement of actin filaments and crosslink-
ers. The unit cell is only large enough to contain one actin
filament which indicates that the actin filaments in the
bundles have the same polarity. A bundle formed from actin
filaments with alternating polarity would reveal systematic
absences in the equator. A bundle formed from actin fila-
ments with random polarity would reveal a 5.9-nm layer line
with little or no sampling. We conclude that the conditions
investigated by us so far produce unipolar actin bundles.
DISCUSSION
Utility of lipid monolayers for study of
complex structures
Lipid layer crystallization has been used extensively for
forming large 2-D arrays of soluble proteins suitable for elec-
tron microscopic examination (Uzgiris and Kornberg, 1983).
The method requires that proteins bind to the lipid monolayer
with high affinity via any of several methods including
protein-ligand interactions (Ribi et al., 1988; Robinson et al.,
1988), through mediation by inorganic ions (Mosser et al.,
1991; Newman et al., 1989), or by nonspecific charge in-
teractions (Darst et al., 1988; Taylor and Taylor, 1993;
Schnyder et al., 1994). Often large coherent crystals several
square micrometers in diameter are formed that are suitable
for a 3-D structure determination at moderate resolution.
The use of lipid monolayers as a substrate for forming
large multicomponent complexes into 2-D arrays for electron
microscopy has not been explored to the same extent as crys-
tallization. The method has great potential because of the
utility of electron microscopy for visualizing large complex
structures. In some cases interactions can be visualized at
near atomic resolution with moderate resolution 3-D image
reconstructions if the atomic structure of the individual com-
ponents is known (Rayment et al., 1993; Stewart et al., 1993).
The demonstration here of using lipid monolayers to pro-
duce 2-D actin bundles has potentially wider application for
visualizing interactions in other systems. The purpose of this
preliminary communication is to demonstrate the potential of
using lipid layer technology for the study of protein inter-
actions and to suggest the possibility that complex structures
may be assembled in a systematic fashion for structural study
using this method. Cocrystallization is a considerably more
difficult problem than crystallization of a pure protein alone,
especially when the affinity between the two proteins is low.
For two proteins to interact, their individual concentrations
must be comparable to the dissociation constant of the com-
plex. Many significant protein interactions occur with dis-
sociation constants of the order of 1-10 ,M. Often these
interactions are stabilized by additional proteins that target
the constituent molecules to particular structures, such as
membranes or the myofilament lattice, that maintain a high
local concentration. In vitro assembly of the structure, such
as an actin bundle or gel, often results in a complex 3-D
arrangement that makes visualization of the individual in-
teractions very difficult. Even a protein the size of a-actinin
can attain ,M concentrations on lipid monolayers (its con-
centration in the 2-D crystals is -0.7 ,uM) so that a high local
concentration in the 2-D phase can be achieved without re-
sorting to high concentrations in the bulk phase. This par-
titioning of the protein components to the 2-D lipid phase
facilitates interaction but limits growth perpendicular to the
monolayer. Thus, binary and ternary complexes produced on
lipid monolayers may function as 2-D analogs of a complex
3-D structure and serve as a vehicle for determining the spatial
arrangements of the constituents using electron microscopy. The
assembly of 2-D a-actinin-F-actin bundles starting from a
mixture of the separate proteins demonstrates that assembly of
a 2-D analog of a complex 3-D structure is possible.
The utility of lipid layers for the formation of these 2-D
actin bundles lies in the fluidity of the monolayer itself. Actin
filaments in rafts bound to a rigid carbon film will not readily
separate and allow the bundling protein to intercalate be-
tween them. The fluidity of the lipid monolayer facilitates
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FIGURE 2 F-actin-a-actinin 2-D bundles. (A) A particularly well ordered array revealing a-actinin crosslinks angled predominately in one orientation.
(B) Optical diffraction pattern taken from this same area. The spacing of spots on the equatorial layer line and the spacing of spots on the 5.9-nm layer
line is the same indicating that the actin filaments are oriented in the parallel orientation. (C, D) Large arrays of F-actin-a-actinin. Arrowheads in A and
C indicate apparent crosslinks angled opposite the predominant orientation. The curved bundle in D is not unusual.
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intercalation of the bundling protein into the F-actin rafts. In
the case of the a-actinin-actin bundles, presumably
crosslinking of short actin filaments occurs on the monolayer
with elongation continuing after the bundles have first
formed. This circumvents the problem of orienting long, pre-
formed actin filaments on the monolayer.
Structure of 2-D bundles of a-actinin and F-actin
The experiments with a-actinin-F-actin bundles produced
aggregates that were sufficiently well ordered that the po-
larity of the actin filaments could be ascertained by optical
diffraction. The demonstration that the actin filaments in this
structure have the same polarity contradicts the earlier dem-
onstration that the chicken gizzard isoform is an antiparallel
actin bundler (Meyer and Aebi, 1990).
There are, however, several reasons to believe that
a-actinin isoforms differ in the specificity and orientation of
their actin filament crosslinks. In particular, chicken gizzard
a-actinin may crosslink both parallel and antiparallel actin
filaments. First, in smooth muscle, a-actinin is localized to
both adhesion plaques and cytoplasmic dense bodies
(Schollmeyer at al., 1976; Geiger et al., 1981; but see also
Small, 1985). Adhesion plaques are sites where actin fila-
ments bind to the cell membrane, whereas cytoplasmic dense
bodies are anchoring points for antiparallel actin filaments
(Bond and Somlyo, 1982; Tsukita et al., 1983). Since actin
filaments typically originate from cell membranes in a unipo-
lar orientation (Mooseker and Tilney, 1975; Begg et al.,
1978; Small et al., 1978), if a-actinin localized to these re-
gions is functioning as an actin filament crosslinker, it would
have to be crosslinking unipolar filaments. Second, skeletal
muscle I-segments treated with high salt to remove tropo-
myosin (an inhibitor of a-actinin binding) bind chicken giz-
zard a-actinin throughout their length, an observation that
has been attributed to self-association of a-actinin molecules
(Sanger et al., 1984), but which nevertheless can be inter-
preted as unipolar crosslinking. Indeed, the arrays produced
here seem to have at least 2 a-actinins per crosslink, sug-
gesting that a-actinin self association plays a role in forming
these bundles. Third, in striated muscle a-actinin is found in
the Z-disks (Masaki et al., 1967; Lazarides and Granger,
1978) but not in the terminal segments (myotendinous junc-
tion) of frog skeletal muscle where actin filaments are at-
tached to the cell membrane (Tidball, 1987). Although it has
not been demonstrated in vitro that skeletal muscle a-actinin
is a bundler of antiparallel actin filaments, its presence in the
Z-disk and absence in the terminal segment could suggest a
pronounced tendency to bundle antiparallel actin filaments.
Finally, in the body wall muscle of the nematode, a 107-kDa
protein immunologically related to a-actinin is localized to
dense bodies (functional homologues of Z-disks) but not to
adhesion plaques of the same fibrils (Francis and Waterston,
1985). The differing distributions of a-actinin in skeletal and
smooth muscle could be interpreted as differences in actin
crosslinking specificity.
The methods described here make it possible to obtain
more detailed information on the structure of F-actin bundles
in vitro. Although the clear demonstration of unipolar actin
crosslinking for chicken gizzard a-actinin in vitro is sur-
prising, the observation can be refined by repeating the ex-
periment with isoforms isolated from other muscle and non-
muscle sources. Further work is also needed, in particular to
determine conditions that might produce bundles ofbipolar actin
filaments using chicken gizzard a-actinin. An isoform depend-
ent crosslinkng specificity would add another dimension to the
properties of a-actinin beyond the differing effects of Ca2+ on
actin filament gelation (Burridge and Feraniisco, 1981).
The actin bundles shown here are a limited sample of how
a lipid monolayer might be used to produce a 2-D specimen
ofa complex structure for microscopic examination. Many other
possible interactions could be examined in analogous fashion
thereby enabling complex structures to be studied by assembly
of binary and possibly ternary complexes into 2-D arrays.
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